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 spin state: towards quantum memory
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We report an experiment on mapping a quantum state of light onto the ground state spin of an
ensemble of Cs atoms with the life time of 2 milliseonds. Quantum memory for one of the two
quadrature phase operators of light is demonstrated with vauum and squeezed states of light. The
sensitivity of the mapping proedure at the level of approximately one photon/se per Hz is shown.
The results pave the road towards omplete (storing both quadrature phase observables) quantum
memory for Gaussian states of light. The experiment also sheds new light on fundamental limits of
sensitivity of the magneto-optial resonane method.
PACS numbers: 03.67.-a,42.50.L,42.50.Dv,42.50.Ct
Quantum state exhange between light and atoms is
an important ingredient for the future quantum infor-
mation networks. It is also ruial for sensitive atomi
measurements in optis when quantum limits of auray
are approahed. As shown reently both theoretially
[1, 2℄ and experimentally [3, 4℄, for ensembles of atoms
suh exhange is feasible via free spae interation with
light, as opposed to the ase of a single atom whih re-
quires avity QED settings for that purpose [5℄. In [3, 4℄ a
short-lived squeezed spin state of an atomi ensemble has
been generated via omplete absorption of non-lassial
light. An alternative approah to mapping a quantum
state of light onto an atomi state via eletromagnet-
ially indued transpareny has been proposed [6℄ and
rst experiments showing the feasibility of the method
for lassial amplitude and phase of light have been ar-
ried out [7, 8℄.
In this Letter we demonstrate for the rst time a pos-
sibility of mapping a quantum state of light onto a long-
lived atomi spin state. A novel approah utilizing a
measurement indued bak-ation along the lines of the
proposal [9℄ is applied. We make use of the strong non-
dissipative o-resonant oupling between the olletive
atomi spin and the polarization state of light. Suh
oupling has been reently used for generation of a spin
squeezed atomi sample [10℄ and for entanglement of two
separate atomi objets [11℄. The oupling yields partial
information about the ground atomi spin state via a
measurement performed on the transmitted probe light.
However, simultaneously via the same interation the
quantum state of the optial probe is mapped onto the
onjugate atomi spin omponent whih therefore serves
as a quantum memory.
We onsider an ensemble of atoms with the olletive
spin J =
∑
j(i) where j(i) is the total angular momentum
of the i'th atom in the ground state. Throughout this
∗
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paper the atoms are assumed to be spin polarized along
the x-diretion, i.e. Jx is lassial. The transverse spin
omponents satisfy
[
Jˆy, Jˆz
]
= iJx. The experiment is
arried out with esium atoms in the F = 4 hyperne
ground state.
We study mapping and storage of Gaussian states of
light, more preisely, a vauum or a squeezed vauum
state. This light desribed by the ontinuum mode aˆy [12℄
is taken to be linearly polarized along the y -diretion.
In order to enable the free spae quantum state exhange
with atoms, aˆy is mixed on a polarizing beam splitter
(Fig. 1) with a strong lassial eld Ax polarized along
the x-diretion. The polarization state of light after the
beam splitter is desribed by Stokes parameters Sˆx =
1
2
(
AxAx − aˆ
†
yaˆy
)
= 12A
2
x , Sˆy =
1
2
(
Axaˆy + aˆ
†
yAx
)
=
Ax
2
(
aˆy + aˆ
†
y
)
, Sˆz =
1
2i
(
Axaˆy − aˆ
†
yAx
)
= Ax2i
(
aˆy − aˆ
†
y
)
normalized to have the dimension se
−1
. In the experi-
ment we measure 2Sˆy whih is the dierene between the
photon uxes polarized along±45◦ diretions. Operators
aˆi and aˆ
†
j fulll
[
aˆi(ω), aˆ
†
j(−ω
′)
]
= δ(ω−ω′)δij . With Sx
regarded as lassial, orrelation funtions for the Stokes
operators are
〈
Sˆi(ω)Sˆj(−ω
′)
〉
= Sx2 ǫiδ(ω − ω
′)δij with
i, j = y, z. The Stokes operators Sˆy or Sˆz are squeezed
if the aˆy mode is in a squeezed state, and ǫi ≶ 1 re-
fers to squeezing/anti-squeezing. With a oherent probe
ǫy = ǫz = 1.
The interation between the light and the atoms is
modeled following [9℄, [13℄ to obtain
Sˆoutz (t) = Sˆ
in
z (t), Sˆ
out
y (t) = Sˆ
in
y (t) + aSxJˆz(t) (1)
where in and out refer to the light before and after
interation with the atoms. These equations are valid if
the light is suiently far detuned from the atomi res-
onane, so that polarization rotation from irular bire-
fringene is the dominant ontribution to the interation.
Note that this rotation does not aet Sˆz but an be read
out in Sˆy. The strength of the interation is desribed by
2the parameter a whih depends on the beam geometry,
detuning and the interation ross setion [9℄.
The evolution of the atomi spins is desribed by the
equations
˙ˆ
Jz(t) = ΩJˆy − ΓJˆz(t) + Fˆz(t) (2)
˙ˆ
Jy(t) = −ΩJˆz − ΓJˆy(t) + Fˆy(t) + aJxSˆz(t) (3)
where, as in [11℄, we introdue a onstant magneti eld
along the x-diretion giving rise to Larmor preession
with the frequeny Ω. In what follows, the value of Ω
determines the frequeny omponent of light whih an
be stored in the atomi medium. The deay of the trans-
verse ground state spin omponents is desribed by the
rate Γ and their quantum statistis are desribed by the
Langevin fores Fˆy, Fˆz. The term aSxJˆz(t) in the equa-
tion (1) is responsible for the spin state read out. The
term aJxSˆz(t) in equation (3) is the so-alled bak ation
of light onto atoms. This latter term feeds the quantum
utuations of light into atoms. Taking the Fourier trans-
forms of equations (2) and (3) we obtain
Jˆy(ω) = −
1
2
·
iaJxSˆz(ω) + iFˆy(ω) + Fˆz(ω)
(Ω− ω)− iΓ
(4)
Jˆz(ω) =
1
2
·
aJxSˆz(ω) + Fˆy(ω)− iFˆz(ω)
(Ω− ω)− iΓ
(5)
where we have made the narrow-band approximation
|ω − Ω| ≪ Ω and Γ ≪ Ω. Combining (4) with the
Fourier transform of (1) we get Sˆouty (ω) = Sˆ
in
y (ω) +
1
2
aSx
(Ω−ω)−iΓ
{
aJxSˆz(ω) + Fˆy(ω)− iFˆz(ω)
}
. To alulate
the power spetrum of Sˆouty , we must know the orre-
lation funtion for the Langevin noise terms. The role
of these terms is to preserve the orret ommutation re-
lations for Jˆy and Jˆz in the presene of the deoherene
desribed by Γ. In the experiment the deoherene is pri-
marily aused by a resonant optial pump laser driving
the atoms into the oherent spin state F = 4, mF = 4
[14℄, and, to a muh smaller extent, by ollisions and
quadrati Zeeman eet.
In order to ompute the noise orrelation funtions we
integrate equation (2) omitting the magneti eld and
optial probe terms whih do not ontribute to the deo-
herene, i.e. with Ω = 0 and a = 0. The result is
〈
Jˆz(t)
2
〉
=
〈
Jˆz(0)
2
〉
e−2Γt +
kzz
2Γ
(
1− e−2Γt
)
(6)
where we have assumed a memory-less reservoir [15℄ of
the form
〈
Fˆz(t)Fˆz(t
′)
〉
= kzzδ(t−t
′). Using the oherent
spin state variane,
〈
Jˆ2z
〉
= Jx/2, we obtain kzz = ΓJx.
The Fourier-transformed orrelation funtion an then
easily be shown to fulll
〈
Fˆz(ω)Fˆ
∗
z (ω
′)
〉
= JxΓδ(ω−ω
′).
With similar equations for the y-omponents we end up
with the expression for the power spetrum Φ(ω) of Sˆouty
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FIG. 1: A vauum or squeezed vauum eld propagates
through the atomi sample, and leaves its trae on the sample.
The transmitted light whih reads out this trae is analyzed
at a polarization state analyzer.
observed in the experiment
Φ(ω) =
Sx
2
ǫy +
1
4a
2S2x
(Ω− ω)2 + Γ2
{
a2J2xSxǫz
2
+ 2ΓJx
}
(7)
The rst term is determined by the Sˆy omponent of
the input light, i.e. by the quadrature phase operator
1
2
(
aˆy + aˆ
†
y
)
. The rest is due to the narrow band atomi
state utuations with the life time Γ−1. The rst term
in the urly brakets is the bak ation noise due to the
quantum state of the input light, more preisely due to
the operator
1
2i
(
aˆy − aˆ
†
y
)
. This is the "quantum memory
term". The seond term in the brakets is the projetion
noise of the initial atomi spin state.
Turning now to the experiment, we ahieve nontrivial
ǫy,z values by using squeezed vauum light generated by
the frequeny tunable degenerate optial parametri am-
plier below threshold [16℄. This light is overlapped with
the orthogonally polarized strong (up to 5mW) beam on
a polarizing beam splitter (see Fig. 1). As shown in [4℄
we an, by using this tehnique, vary the quantum u-
tuations in Sˆy to be below or above the oherent state
limit depending on the relative phase between squeezed
vauum and the lassial eld. Typially the degree of
squeezing emerging from our soure is about -5dB, but
due to various imperfetions and losses only -3dB of Sto-
kes parameter squeezing is deteted, orresponding to
ǫy = 0.5. The degree of anti-squeezing is typially 8-
9dB relative to the oherent state probe, orresponding
to ǫz = 6− 8.
Our atomi sample is Cs vapor in a paran oated
glass ell. The atomi angular momentum is reated
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FIG. 2: The measured spetrum of the transmitted probe.
The solid line is obtained with the input light in a vauum
state (ǫy = ǫz = 1). When the input mode is in a squeezed
state (dashed line) the Lorentzian part from atoms inreases
while the wings derease. The peak on the right is tehnial
noise.
by optial pumping along the x-axis with two σ+ po-
larized diode lasers resonant with the 6S1/2(F = 4) →
6P1/2(F = 4) transition and the 6S1/2(F = 3) →
6P3/2(F = 4) transition. By adjusting the relative power
of the lasers we are able to ontrol the number of atoms
in the F = 4 ground state. The degree of spin polariza-
tion (≈ 95%) and the number of atoms is measured by
observing the magneto-optial resonane of the ground
spin state.
The output Stokes parameter Sˆy is measured by a
polarizing beam splitter oriented at a 45 degree angle
with respet to the mean input optial polarization. The
probe is blue detuned by 875MHz from the 6S1/2(F =
4) → 6P3/2(F = 5) transition of Cs atoms at rest. The
power spetrum of Sˆy is reorded in a frequeny window
varying from 1.6kHz to 3.2kHz around Ω. The result-
ing spetrum is a narrow Lorentzian entered at Ω with
a width Γ. This width an be varied by adjusting the
power of the optial pumping lasers with line widths in
the range from 100Hz to 1kHz FWHM.
A typial spetrum is shown in Fig. 2. This spin noise
resonane ontains ontributions from the spin proje-
tion noise, the bak ation term and the tehnial noise
of the spin. The latter is not known, however, as shown
below, it an be evaluated, and the onsisteny of the
model an be veried by varying the quantum state of
the probe. The two upper traes in the gure orrespond
to the vauum state of the mode aˆy (the probe in a oher-
ent polarization state) and the squeezed vauum state of
aˆy (the probe in a squeezed polarization state), respe-
tively. The redution of the optial quantum noise of
Sˆy is learly seen in the wings of the atomi resonane
when the polarization squeezed probe is applied. How-
ever, more interesting is that the atomi spin noise grows
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FIG. 3: (a) The measured bak ation noise area (BANA) for
the vauum light input as a funtion of deay rate Γ on a log-
log sale. (b) The measured residual spin noise (RSN) and
the inferred projetion noise area (PNA) alulated from (9).
See text for details.
when the probe is squeezed in Sˆy. This is due to the
light-indued bak ation noise of the atoms. Note that
this bak ation may ompletely wash out the advantages
of using squeezed light in sensitive magnetometry [17℄.
Figure 2 represents the evidene of anti-squeezed Sto-
kes parameter Sˆz being stored in the atoms. This stor-
age takes plae over a time sale on the order of (2πΓ)−1
whih here orresponds to about 2 milliseonds. Note
that squeezed vauum output of the optial parametri
amplier [16℄ at our values of the gain ontains about one
photon per seond per Hz of the bandwidth. Hene Fig. 2
shows the eet of approximately 200 photons/se stored
within the atomi bandwidth. We may expet therefore
the sensitivity of the atomi memory at the level of a
single photon for pulses with (2πΓ)−1 ≈ 2ms duration.
From eq. (7) we know that the bak ation noise area
(BANA) is proportional to ǫz, so that we an extrat
this ontribution from the overall atomi spin noise by
BANA = (ASQ − ACOH)/(ǫz − 1), where ACOH and
ASQ are the measured spin noise areas with a oherent
and squeezed probe, respetively. We an also dene the
residual spin noise RSN = (ǫzACOH −ASQ)/(ǫz − 1).
To ompare the experimental results with theoretial
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FIG. 4: The projetion noise area derived from (10). The
data is, in fat, ompiled from two series with dierent Γ's,
giving strong quantitative support of the model.
preditions we integrate (7) over frequenies and alu-
late the bak ation noise area
BANA =
πa4J2xǫz
Γ
(
Sx
2
)3
(8)
and the projetion noise area
PNA = 2πa2Jx
(
Sx
2
)2
(9)
Knowing the shot noise level SNL = Sx/2 we obtain for
a oherent probe (ǫy = ǫz = 1),
PNA = 2
√
πΓ(BANA)× (SNL) (10)
Varying ǫz we an determine the bak ation term (8 ),
whih is in turn determined by the quantum state of the
probe light. With the knowledge of the BANA and the
SNL, we are able to dedue the size of the PNA from
equation (10).
We now vary the probe power to onrm the S3x depen-
dene of the bak ation noise and the number of atoms to
onrm the J2x dependene. We nd the BANA to sale
with Spx, where p = 2.8± 0.2, and J
q
x with q = 2.0 ± 0.2
in good agreement with the theory. During the sequene
of measurements ǫy and ǫz are monitored several times
and variations are found to be less than 10%. Even
more exiting is to observe the variation of BANA and
RSN with Γ. From Fig. 3(a) we see that the BANA de-
reases as expeted with Γ−1 to within a few perent.
The RSN dependene on Γ, shown in Fig. 3(b), is found
to fall o roughly with Γ−1 until a value of approximately
2Γ = 500Hz is reahed. Here the RSN starts leveling out
to approah a onstant value. This is due to the higher
degree of optial pumping, and hene higher Γ, whih
pushes the atomi spin towards the oherent spin state
(CSS) and thereby washes out any additional (tehnial)
noise in the spin state. We therefore expet the RSN
to onverge to a level set by the CSS. In our notation
this level is just the PNA, and using eq. (10) we an es-
timate this level from the BANA. This estimate is also
shown in Fig. 3(b) where we see that the RSN indeed is
approahing the PNA at higher values of Γ.
Finally, we x Γ and vary the number of atoms (Jx),
see Fig. 4. Again from the measured BANA we an infer
the PNA and observe that it grows proportionally with
Jx to test of the onsisteny of our model. The plot-
ted results are obtained at two very dierent deay rates
2Γ = 264± 20 Hz and 2Γ = 485± 20Hz, but nonetheless
t niely to the same line onrming the theory.
In summary we have shown how partial information
about an unknown Gaussian quantum state of light, more
preisely the value of the operator
1
2i
(
aˆy − aˆ
†
y
)
, an be
mapped onto the atomi ground state spin, where it is
stored for approximately 2ms. We have also demon-
strated how this information is read out again by the
probe via the narrow band atomi spin noise around the
Larmor frequeny. Most importantly we have demon-
strated that long-lived atomi spin ensembles an serve
as quantum memory for light sensitive enough to store
quantum states of optial elds ontaining just a few pho-
tons.
In our ontinuous wave experiment the probe ee-
tively reads out its own quantum state at an earlier time
whih has been stored in atoms. Future experiments us-
ing two pulses, one to be stored and another to read out
the stored information, are learly feasible. Another im-
portant step towards full sale quantum memory for light
will be to ahieve storage and retrieval of the full quan-
tum state of light, whih for a Gaussian state orresponds
to both
1
2i
(
aˆy − aˆ
†
y
)
and
1
2
(
aˆy + aˆ
†
y
)
operators. In order
to store the full quantum state of light one has to use
two entangled atomi ensembles [11℄, rather than just
one ensemble, as in the present paper. For the atomi
state read-out [9℄ two entangled beams of light, rather
than a single beam, as in the present work, should be
used.
The narrow band frequeny response of the atomi
ground state spin allows only for storage of a few hun-
dred Hz wide frequeny band of the optial state around
the arrier frequeny Ω. One way to overome this limit
would be to apply a linear magneti eld gradient in
the z-diretion, or to use an inhomogeneously broadened
solid state medium [18℄. This would make atoms at dif-
ferent positions have dierent Larmor frequenies, hene
they would store dierent frequeny omponents of the
optial state and the entire optial spetrum of interest
ould then be mapped onto atoms.
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